This paper proposes an effective method of analyzing the eddy-current loss within the end shield and frame of an electric machine. The standard impedance boundary condition is applied to the conducting surfaces of complete 3-D models, and the models are solved by time-harmonic finite-element analyses. Measurement of the temperature rise is completed as a validation of the proposed method. The effect of the distances between the conducting surfaces and coil ends is studied by computing the eddy-current loss for a series of 3-D models having different distances. In addition, simplified 2-D models are used to study the influence of material nonlinearity. In brief, the proposed method is feasible in computing the eddy-current loss. The eddy-current loss within the regions close to the coil ends is larger than the other regions in the end shield and frame, but the total loss is quite small, compared, for instance, with the copper loss within the stator winding. Furthermore, the farther the end shield and frame are from the coil ends, the smaller the eddy-current loss is. Finally, it is found that the eddy-current loss is larger in the nonlinear case than in the linear case.
I. INTRODUCTION

I
N a radial-flux rotating electric machine, the magnetic flux caused by the current flowing inside the stator end-winding is referred to as stator end-winding leakage. Albeit small in comparison with the main flux, it may lead to harmful phenomena, e.g., eddy current and mechanical vibration in the end region, magnetic force on the end-winding, etc. For modern large turbogenerators, to design them to minimize the effect of the stator end-winding leakage is one of the requirements [1] . In addition, for an induction motor working in a field-weakening region where there is a voltage constraint, the end-winding leakage reactance is an important parameter during the determination of the torque-speed characteristic.
The main structures where the eddy current flows include the frame and end shield as well as the clamping plates, clamping fingers, and retaining rings in large turbogenerators. The eddy current also occurs inside the laminations of the core ends. The above-mentioned eddy current gives rise to additional loss, which may affect the efficiency of the machine, and the generation of heat, which goes further to cause certain hot spots in the structures of the end region [2] .
In the past two decades, some studies of the eddy current induced by the end-winding leakage were completed and most of them were focused on large turbogenerators [1] - [13] .
References [1] , [3] - [6] analyzed the eddy current induced inside the laminations of the stator core end by the stator end-winding. Moreover, [7] - [11] analyzed the eddy current in other structures of the end region, e.g., the clamping plates, clamping fingers, etc. On the other hand, the eddy current inside the rotor core end was also studied in [12] and [13] . Because of the complex structure of the end region, the finite-element method (FEM) was applied to all the above studies. In fact, during the calculation of the eddy current by FEM, the mesh division of a model is important. Because most structures in the end region possess high conductivity, the eddy current is mainly concentrated within a thin layer close to the surfaces of the structures due to the skin effect. Therefore, dense mesh division within the thin layer is required in order to model the eddy current accurately. For example, the conductivity of the steel frame of a machine is around S/m, and the relative permeability approximates 1000, so the skin depth is around 1 mm at 50 Hz. As a result, in finite-element analyses (FEAs), large numbers of elements need generating so there is difficulty in solving such a large equation system.
In general, two approaches can be applied to the calculation of the eddy current in the end region by FEM. Firstly, the size of the model is reduced by using suitable boundary conditions so that dense mesh division becomes possible. For instance, in [5] , only one slot pitch of the core end was modeled, so under the circumstances nonlinear time-stepping analyses can be carried out. Secondly, when the skin depth is far less than the thickness of the conducting structure, the standard impedance boundary condition (SIBC) can be enforced on its surface to exclude it from the model. Correspondingly, the eddy current is modeled as surface current. Reference [4] enforced the SIBC on the conducting surface, namely the stator end plate. Nevertheless, the SIBC is usually used under time-harmonic analyses.
This paper aims at the study of the eddy current within the frame and end shield so that the analysis can be used for optimum design of electric machines. Such a study has not been carried out by other authors yet.
A proposed method based on the use of the SIBC was applied to the study of the eddy current within the end shield and frame of a 2.24-MW induction machine. 3-D time-harmonic FEAs were completed, and the eddy-current loss was computed and compared under different axial and radial distances between the conducting surfaces and coil ends. In addition, by altering the above two parameters, 2-D time-stepping FEAs based on simplified 2-D axisymmetric linear and nonlinear models were carried out to find the effect of the frame and end shield with a nonlinear magnetization curve on the eddy-current loss. 
II. 3-D ANALYSES OF EDDY CURRENT
A. 3-D Geometric Model and Numerical Model
A three-phase squirrel-cage induction machine with a formwound two-layer diamond winding was studied. Table I lists its main specifications. Since it was impossible to test the machine at full load in the laboratory, the rotor parts were taken away and the stator parts were tested at the rated current.
The end shield and frame of the machine is made of steel whose skin depth is around 1 mm at the rated frequency. Though it was possible to do dense mesh division within a thin layer close to the inner surfaces of the end shield and frame, there was great difficulty in solving such a large equation system by a personal computer with a 2.66-GHz CPU and 8-GB RAM, due to the limit of the memory. Therefore, the SIBC was used to model the eddy current as surface current. Besides, to make good mesh division in the end region, only the 150-mm-long (axial direction) stator core end was included in the model according to the conclusion in [14] that only the end part of the active region is affected by the stator end-winding. Fig. 1 shows the 3-D geometric model.
B. Time-Harmonic FEAs
In the time-harmonic FEAs, the stator winding was supplied by three-phase current with the rms value , where is the rms value of the stator phase current; is the number of turns in series within a stator coil; and is the number of parallel branches of the stator winding. The governing equation was (1) where and are the complex vectors of magnetic vector potential and source current density, respectively; and are the tensors of reluctivity and conductivity, respectively; and is an angular frequency. The end shield and frame were made of construction steel. In the 3-D time-harmonic analyses, its relative permeability was 1000. Electric scalar potential was not solved because the source current within the stator winding was known in the 3-D model which included the stator part only. Besides, the inclusion of would make the calculation carried out on the current computer not possible. As a separate study, a simpler model was built, and the eddy-current loss under the case with was a little smaller than without .
On the inner surface of the frame as shown in Fig. 1 , the SIBC or the Leontovich boundary condition given by [15] was enforced: (2) where and are the complex vectors of electric field strength and magnetic field strength, respectively; is an outward-directed normal unit vector on the surface; and is a surface impedance which is derived from (3) where denotes a frequency;
, and denote permeability, permittivity, and conductivity, respectively. The principle of the SIBC is based on the relations between the tangential components of an electric field and a magnetic field on the surface of a good conductor [16] . Detailed explanation for the SIBC can be found in [17] .
Galerkin's method was used in the weak form of the method of weighted residual in order to construct the finite-element discretization.
C. Validation of 3-D Numerical Model
The validation of the 3-D model was carried out by two kinds of measurement in terms of the magnetic field and eddy-current loss, respectively.
1) Validation in Terms of Magnetic Field:
A closed search coil made of enamelled copper wire was fixed along a coil end. The induced electromotive force (EMF) of the search coil was measured. The magnetic induction was also measured at two points. One point was in the end region, and the other in the active region.
In the 3-D model, a loop C, which was exactly the same as the search coil, was built. Under the time-harmonic analyses, the phasor of magnetic flux passing through the loop was derived from (4) where is an arc length vector. According to Faraday's law, the phasor of an induced EMF was calculated as , then its rms value was . Table II lists the calculation and measurement results at the rated current. means the rms value of the induced EMF, and , and mean the rms values of the radial, circumferential, and axial components of magnetic induction in the cylindrical coordinate system. In Table II , the calculations are consistent with the measurement results except at the point in the active region. The reason comes from the fact that it was difficult to make the probe of the meter exactly perpendicular to the direction of the measured component.
2) Validation in Terms of Eddy-Current Loss:
Measuring the total loss within the machine was possible, but it was impossible to separate the loss within the end shield and frame from the total loss.
An approximate method of measuring the temperature rise was used to estimate the loss. At first, a 1-mm-thick, 460-mmlong (axial length) steel sheet was rolled up and put into the frame, as shown in Fig. 2 . Afterwards heat insulation filler was put around it to reduce the heat transfer. In view of the small temperature difference between the winding and steel sheet, the thermal radiation was omitted. Therefore, the heat generated in the steel sheet was attributed to the eddy-current loss only.
Four temperature sensors were fixed to the steel sheet. The axial coordinate of one end of the steel sheet near the core was at mm. The four sensors were placed at mm, mm, mm, and mm, respectively, as marked in Fig. 1 . The other end of the steel sheet was at mm. All the coordinates are marked in Fig. 4 . The measurement lasted more than one minute, and Fig. 3 records the change in temperature. The four curves in Fig. 3 indicate that the distribution of the loss was not uniform in the steel sheet. The eddy-current loss corresponding to each curve was computed by (5) where is the average loss corresponding to the curve measured by sensor is the specific heat capacity of steel; is the mass of the steel sheet; is the temperature measured by sensor ; and is time. The value of corresponding to each curve was calculated by the regression analysis of the measured data obtained only during the first 25 s, because the influence of heat transfer on was not distinct in the first 25 s. Table III lists the corresponding calculations.
The total eddy-current loss within the steel sheet is determined according to Fig. 4 . The horizonal axis represents the axial coordinates of the steel sheet. The values of , and listed in Table III are marked in Fig. 4 as points B, C, D , and E, respectively, where the sensors were placed. At one end of the steel sheet, , the loss is determined by extrapolating from line CB to point A and is calculated as W. At the other end, , the loss is assumed to be zero, i.e., W. The average total eddy-current loss is calculated based on the fact that the area enclosed by line OMABCDEF and the horizontal axis is equal to the area enclosed by line OMNF and the horizontal axis in Fig. 4 .
is actually the length of line OM and is calculated by (6) where is the axial length of the steel sheet. On the other hand, in the FEAs, the 1-mm-thick steel sheet was modeled by the SIBC. This was an approximation because the skin depth of the steel sheet was 0.8 mm, which was not small by comparison with its thickness. However, since resistive loss is proportional to the square of current density, the loss calculated by the SIBC was considered as the eddy-current loss within the steel sheet, which was computed by (7) where is the surfaces where the SIBC was enforced; means the real part of a complex number;
and are the complex vectors of surface current density and electric field strength, respectively; denotes a complex conjugate; and is a surface area.
According to (6), W, and from (7), W. The relative error is 8%, which is acceptable. The reasons for the error might result from some aspects, e.g., the accuracy of the mesh division, the accuracy of the temperature sensors, the installation of the sensors, etc.
In short, the 3-D model was validated from the aspects of both the magnetic field and eddy-current loss. As a result, the model with the SIBC and the linear magnetization curve was able to analyze the eddy current accurately.
D. Variation in Eddy-Current Loss
Two locally defined variables, the shortest axial distance between the nose part of a coil end and the surface of the end shield, and the shortest radial distance between the nose part and the surface of the frame, as marked in Fig. 5 , were changed by shifting the surfaces, so a series of 3-D models were built. A minimum of 7 mm was chosen from the electrical insulation point of view. The eddy-current loss within the surfaces of the end shield and frame was calculated by (7) based on the same stator current. 1) 7 mm mm, mm: Fig. 6(a) plots the changes in the eddy-current loss within the surfaces of the end shield, frame, and both. The loss within the surface of the frame decreases obviously as increases, whereas there is a slight rise in the loss within the surface of the end shield. After adding up these two curves, the total loss shows an obvious decline as increases. 2) 7 mm mm, mm: The corresponding changes in the eddy-current loss are illustrated in Fig. 6(b) . The three curves still represent the three cases mentioned above. When increases, a decrease in the loss within the surface of the end shield is evident whereas the loss within the surface of the frame is almost fixed.
3)
: The effect of the simultaneous changes of these two variables on the eddy-current loss is shown in Fig. 6(c) . The loss inside all the parts declines as both and increase. No matter how and change, the eddy-current loss within the surface of the frame is larger than that within the surface of the end shield. Besides, the total eddy-current loss within both surfaces of one end is small, compared, for example, with the total copper loss within the stator winding 5.4 kW at the rated current. Even if and are equal to the minimum 7 mm, the total loss in one end is around 350 W, far smaller than 5.4 kW.
E. Distribution of Eddy Current and Its Loss Density
The distribution of the eddy-current loss within the end shield and frame was studied, since hot spots may appear in the regions where high loss density occurs. The distribution of the time-average eddy-current loss density within the surfaces of the end shield and frame of one end ( mm) is illustrated in Fig. 7 . Relatively high loss density occurs within the surface of the frame that is near the connections between the nose parts and involute parts of the coil ends. Within the surface of the end shield around the center, there is almost no loss. Moreover, due to 12 phase belts of the stator winding, there are 12 clear repetitions in the distribution along the circumferential direction.
In addition, the distribution of the instantaneous eddy current within the surfaces of the end shield and frame ( mm) is shown in Fig. 8 . In Fig. 8(a) , there are four main loops of the eddy current relating to the four poles in the model. In Fig. 8(b) , there is one loop of the eddy current, since the surface of the frame in Fig. 8(b) just corresponds to one pole pitch. The distribution within the other surfaces is similar. 
III. 2-D ANALYSES OF EDDY CURRENT
A. Simplified 2-D Numerical Model
The magnetization curve of the steel of the end shield and frame is nonlinear. Consequently, to study the changes in the eddy-current loss in the nonlinear case, simplified 2-D axisymmetric models were built. Time-stepping FEAs based on a single-valued nonlinear magnetization curve were carried out. For comparison, time-stepping FEAs based on a linear magnetization curve were also completed. Fig. 9 shows the 2-D axisymmetric model. In the model, the end shield and frame as well as the end ring of the squirrel-cage rotor were included. The 3-D stator end-winding was represented by a 2-D circumferential conductor. The stator and rotor cores as well as the shaft were not included. Instead, suitable boundary conditions were enforced. Furthermore, to model the eddy current accurately, a many-layered mesh was made within a thin layer close to the inner boundaries of the end shield and frame.
B. Time-Stepping FEAs
In the time-stepping FEAs, the governing equation was (8) where is reluctivity; and and are magnetic vector potential and source current density, respectively.
In the 2-D axisymmetric analyses, and only have circumferential components, and . Two time-varying sinusoidal currents with the same rms values were applied to the circumferential conductor and end ring, respectively, but the currents were 180 out of phase. Inside the end shield and frame, was considered. In both the nonlinear case and linear case, there were 100 time-steps in one time period 0.02 s, and five periods in total were computed for each model.
C. Variation in Eddy-Current Loss
Like the situation in the 3-D FEAs, two locally defined variables, the shortest radial distance and shortest axial distance , as marked in Fig. 9 , were altered from 5 mm to 40 mm by shifting the conductor. The arithmetic mean value of the eddy-current loss per unit circumferential length , which is adopted in Fig. 10 , was computed by (9) where means a period; means the surfaces of the end shield and frame, as marked in light yellow in Fig. 9 . i) mm: The changes in the eddy-current loss per unit circumferential length within the end shield and frame is plotted in Fig. 10(a) . Whether in the nonlinear case or the linear case, a smooth decline in the loss per unit circumferential length within the frame is much more evident than that within the end shield, as increases. Besides, whether within the end shield or the frame, the loss per unit circumferential length in the nonlinear case is larger than that in the linear case at the same , but the difference between these two cases gets smaller gradually as becomes larger. ii) mm: Fig. 10(b) shows the changes in the eddy-current loss per unit circumferential length within the same parts as discussed above. All the curves go down, when becomes large, but the two curves corresponding to the end shield decline more evidently than the other two curves. The difference between the nonlinear case and linear case gets smaller gradually as increases.
D. Distribution of Magnetic Induction Lines
Fig . 11 illustrates the distribution of the magnetic induction lines at the instant when the current reaches the peak value. It is clear that due to the skin effect, most of the magnetic induction lines are concentrated inside a thin layer close to the inner boundaries of the end shield and frame. Correspondingly, the eddy current is induced inside the thin layer. 
IV. CONCLUSIONS AND DISCUSSION
In this paper, by proposing a method using the standard impedance boundary condition (SIBC), analyzing the eddy current within the end shield and frame of a large induction machine by FEM becomes possible. The model was validated by the measurement, so the proposed method as well as the parameters of the model proves feasible and accurate in the analysis of the eddy current. The eddy-current loss within the end shield and frame is quite small, for instance, by comparison with the total copper loss within the stator winding. High eddy-current loss mainly distributes within the inner surfaces of these structures that are close to the nose parts of the coil ends. In addition, as the distance between the frame and coil ends ( in Fig. 5 ) increases, there is a smooth decrease in the loss. The same situation happens when the distance between the end shield and coil ends ( in Fig. 5 ) increases. Finally, by using 2-D FEAs, under the same conditions, the loss within the end shield and frame by using a single-valued nonlinear magnetization curve is larger than a linear one equal to 1000.
During the quantitative determination of the loss within the end shield and frame, the proposed measurement method proves to be feasible and easy to operate in the measurement. Two main points should be emphasized. Firstly, the temperature sensors should be placed in such positions that large temperature gradients can be measured, so it, to some extent, needs a basic understanding of the distribution of temperature, which can be obtained from 3-D FEAs. Secondly, the derivatives of temperature with respect to time should be calculated according to the data recorded at the beginning of the measurement, otherwise heat transfer will make the calculated derivatives inaccurate.
In sum, the proposed method makes it possible to deal with the eddy current flowing inside the thin layer close to the surfaces of the conducting structures in the end region. The main limitations lie in that only the fundamental in time is taken into account and other harmonics in time are all omitted. To analyze the effect of the harmonics on the eddy current in the end region, 3-D time-stepping FEAs are needed, but they are quite challenging at present, in particular, for the complex end region of a large rotating electric machine. 
